Previously reported and redesigned primer and probe assays were evaluated for the quantitative analysis of the fecal indicator bacterial groups, Enterococcus and Bacteroidetes with three realtime PCR instrument and reagent systems. The efficiency and sensitivity of the original assays varied between systems in analyses of DNA extracts from pure cultures of Enterococcus faecalis and Bacteroides fragilis, whereas the modified assays gave more consistent results. Distinctions between original and modified assays also occurred in analyses of known spike levels of E. faecalis and B. fragilis cells on filters with diverse surface water retentates. Percentages of samples causing PCR failures due to inhibition were lower using the modified assays. The accuracy and precision of spiked bacteria measurements were also generally higher, although mean measurements of both target organisms were still significantly different between systems (p , 0.05). The accuracy and precision of spiked bacteria measurements by both modified assays were further improved using a new sample matrix control spike consisting of cultured Lactococcus lactis cells and a reference assay for this organism. Corrections provided by the L. lactis assay eliminated significant differences in E. faecalis measurements between all three systems and between two of the three systems in B. fragilis measurements.
INTRODUCTION
Monitoring of recreational waters for fecal indicator bacteria groups which occur at high levels in human and other animal feces is widely accepted as a practical substitute for the direct monitoring of diverse and less abundant pathogenic organisms. Previous studies showed that culture-based measurements of one such bacterial fecal indicator group, Enterococcus, were correlated with swimming-associated gastro-intestinal illness rates (GIIR) in both fresh and marine recreational beach waters while another indicator species, Escherichia coli, was correlated with GIIR in fresh waters only (Cabelli et al. 1982; Dufour 1984) . These relationships between culturable indicator bacteria concentrations and GIIR currently form the basis for recommendations by the U.S. EPA on the acceptability of surface waters for recreational use (Dufour & Ballantine 1986 ). Culture methods require at least 24 hours for results.
During this waiting period changing water conditions may result either in unnecessary beach closings or exposures to unsafe conditions (Boehm et al. 2002; Leecaster & Weisberg results by an approved membrane filtration culture method (Haugland et al. 2005 ) and with swimming-associated GIIR as determined in a concurrent epidemiological study (Wade et al. 2006) . A positive association was also observed between QPCR-measured Bacteroidetes levels and GIIR at one of the two beaches included in this study.
A commercially available, ready to use PCR reagent (TaqManw Universal Master Mix, Applied Biosystems, Inc.
(ABI)) and previously reported primer and probe sets which target the large subunit ribosomal RNA (rRNA) gene of enterococci (Ludwig & Schleifer 2000) and the small subunit rRNA gene of Bacteroidetes (Dick & Field 2004) were used in the Great Lakes study. Both of these analyses provided the highest level of detection sensitivity when performed using a two hour thermal cycling protocol (Haugland et al. 2005) . The PCR primer and hybridization probe sequences for the different assays used in this study are listed in Table 2 .
MATERIALS AND METHODS
All reactions used hydrolysis probe (TaqMan w ) chemistry and all probes were labeled with 6-FAM as the 5 0 -terminal reporter dye and either TAMRA (ABI) or a non-fluorescent (black-hole) quencher (Operon Biotechnologies, Huntsville, AL) at their 3 0 -terminus.
QPCR data analyses
As previously described (Brinkman et al. 2003; Haugland et al. 2005) , amplification efficiency and per sample detection sensitivity estimates (defined in Table 3 ) were initially determined for each assay from standard curvestyle analyses of serially diluted DNA extracts from at least two separate pure culture cell samples based on the slopes and intercepts, respectively, of linear regressions of C T values on cell equivalents (CE: cell quantities in original extracted sample / sample extract dilution factor, assuming fixed extract and analyzed sample volumes of 0.6 ml and 5 ml, respectively). C T results from subsequent analyses of calibration and test samples were used to estimate target organism calibrator cell equivalents (CCE) in the test Table 2 | QPCR assays 
2005)
spacer region 2 (77 bp) Reverse primer: CCGAGCCGTCCTGGTCTA Probe: AGTCGCAGGCGGCCACCGT samples by a previously described comparative cycle threshold calculation method (Applied Biosystems 1997)
with modifications (Haugland et al. 1999 (Haugland et al. , 2005 . CCE values were determined using only test sample and mean calibration sample target organism assay C T values (DC T method) and also after corrections of the data using 
RESULTS AND DISCUSSION
Determinations of assay efficiencies, sensitivities and specificities with different instrument and reagent systems A summary of amplification efficiencies and extrapolated CCE sensitivity estimates determined from standard curves for each of the QPCR assays with the different instrument/ reagent systems is shown in Table 3 . These results were consistent with our earlier findings for the previously reported Enterococcus assay, Entero1, using the TaqMan w Mix (Haugland et al. 2005) , but suggested that the assay was less efficient and potentially less sensitive in detecting target organisms using either of the two newer instrument/reagent systems under the thermal cycling conditions employed. As also shown in Table 3 , these differences in performance by the different instrument/reagent systems were largely eliminated using the modified Entero2 assay under the same conditions. substantial differences in amplification efficiency and sensitivity with the different instrument/reagent systems (Table 3) .
Differences were again largely eliminated with the modified assay (GenBact3) under the same reaction conditions. The two assays performed comparably with the SmartCycler w / OmniMix w system, however, the GenBact3 assay was considerably more efficient and provided a lower extrapolated detection sensitivity than the GenBact2 assay on the ABI 7700 and 7900 instruments with TaqMan w Mix. As indicated in Table 2 
Analyses of spiked surface water filters
Each group of surface water samples which was examined had different physical and chemical properties which might differentially impair QPCR analysis performance (Table 1) .
The Lake Michigan samples were fresh water with low turbidity, the Lake Ponchartrain samples were generally brackish water with higher turbidity, while the Gulf of Table 4 summarizes the background levels of these organisms in the water sample filters based on representative results from only one reagent and instrument system for each assay.
Only one of the samples showed an ambient enterococci DNA level which approached the levels recovered from the 10 4 cells used for spiking and thus all spiked sample results were considered valid for this organism. In contrast, seven of the 15 Lake Ponchartrain samples were found to contain ambient Bacteroidetes DNA levels greater than the levels recovered from the 5 £ 10 4 cells used for spiking and these samples were therefore excluded from further analyses for these organisms. Somewhat higher ambient target DNA levels were detected by the Entero1 assay compared with the Entero2 assay in the Lake Ponchartrain samples and similarly, higher target DNA levels were detected by the GenBac2 assay compared with the GenBac3 assay in these same samples as well as the Gulf of Mexico samples. These results were consistent with the predicted relative specificities of the respective assays described above. The Entero2 assay is also predicted to be relatively insensitive in the detection of a few relatively uncommon species of Enterococcus, including E. columbae and E. cecorum.
The GenBact2 assay has been reported to detect members of the non-fecal Cytophaga-Flavobacterium group (Dick & Field 2004 ) which is known be ubiquitous in marine and estuarine waters (Kirchman et al. 2003) . The GenBact3 assay incorporates the same, more discriminatory reverse primer sequence as an alternative reported assay for total
Bacteroidetes (Dick & Field 2004 (addendum in proof) ).
This alternative assay has also been reported to confer greater specificity for Bacteroidetes but should have similar limitations in sensitivity associated with its amplicon length as the GenBact2 assay. Mix systems. We hypothesize that this is caused by a higher degree of sensitivity by the Sketa2 assay to sample matrix inhibitory effects than the corresponding target organism 
